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We theoretically investigate the interlayer dipolar and exchange couplings for an array of metallic
magnetic nanowires grown on top of an extended ultrathin yttrium iron garnet film. The calculated
interlayer dipolar coupling agrees with observed anticrossings [Chen et al., Phys. Rev. Lett. 120,
217202 (2018)], concluding that the interlayer exchange coupling is suppressed by a spacer layer
between the nanowires and film. The Kittel mode in the nanowire array couples chirally to spin waves
in the film, even though Damon-Eshbach surface modes do not exist. The chirality is suppressed
when the interlayer exchange coupling becomes strong.
I. INTRODUCTION
Magnon spintronics is the research field aimed at un-
derstanding and controlling spin waves — the collec-
tive excitations of magnetic order — and its quanta,
magnons, with perspectives of technological applications
[1–4]. Yttrium iron garnet (YIG), a ferrimagnetic insula-
tor, is currently the best material for magnon spintronics
due to its record low damping [5–7]. Long-wavelength
spin waves in YIG can travel over centimeters [8]. Dipo-
lar interactions add unique features to the magnetostatic
surface or Damon-Eshbach (DE) spin waves in magnetic
film with in-plane magnetization that are exponentially
localized at the surface and possess directional chirality:
the surface spin waves propagate only in one direction
that is governed by surface normal and magnetization
directions [9–18]. This chirality can be very attractive
for application in magnetic logics [19]. However, dipo-
lar surface spin waves suffer from a low group velocity
which makes them less attractive for information trans-
fer. A different mechanism — exchange interactions —
generates spin waves with much higher group velocity,
but they are scattered easily. Transport is then slowed
down by becoming diffusive and their reach becomes lim-
ited to the order of 10 µm and the directional chirality
vanishes as well.
The spin waves most suitable for information tech-
nologies therefore arise in the intermediate regime, i.e.,
dipolar-exchange spin waves that combine the long-
lifetime and attractive features, such as the chirality of
magnetostatic magnons, with the higher group velocity
generated when the exchange interaction kicks in. Unfor-
tunately, these spin waves are hard to excite since coher-
ent microwave absorption conserves linear momentum,
and the impedance matching problem exists when using
conventional coplanar waveguide. Recently, excitation of
relatively-short–wavelength spin waves in Co(FeB)|YIG
thin-film bilayers with uniform microwave fields has been
demonstrated [20, 21], but these are standing waves
which can not travel. Refs. [22, 23] demonstrated that
microwaves can excite higher-momentum in-plane spin
waves by ferromagnetic resonance (FMR) of Ni or Co
nanowire arrays (NWA) on an ultrathin (20 nm) YIG
film (see Fig. 1). The dimensions of the grating in Fig. 1
are the thickness h and width d of the nanowires, the pe-
riod or center-to-center distance between the nanowires
a, and the YIG thickness s. We choose zˆ to be paral-
lel to the nanowires, the magnetizations, and the applied
magnetic field. A thin non-magnetic layer between the
nanowires and film suppresses the interlayer exchange
coupling. We allow NWA and YIG magnetizations to
be antiparallel as well. We investigate the magnetization
dynamics of such a magnetic grating on a magnetic film
and find the spin waves can be chirally excited. This
is at the first glance surprising since DE surface modes
[10] do not exist for such thin films. However, it cor-
responds to and explains recent experiments (Yu c.s.,
unpublished). We show that the chirality arises from
the unique polarization-momentum locking of the dipo-
lar field generated by the Kittel modes of NWA.
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FIG. 1. Co or Ni nanowire grating on an YIG film with
coordinate system and geometric parameters. The YIG film is
fabricated on the gadolinium gallium garnet (GGG) substrate
that is a non-magnetic insulator. A magnetic field is applied
in the zˆ-direction, parallel to the nanowires. A thin non-
magnetic spacer (yellow) may be inserted between the wires
and the film to suppress the interface exchange interaction.
In the experiments, a coplanar waveguide on top of
the NWA|YIG system of Fig. 1 is tuned to the NWA
Kittel mode, in which the magnetization of all wires pre-
cesses in phase. Due to the large magnetization and form
anisotropy of Co and Ni, this frequency is much higher
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2than that of the underlying YIG film FMR. The array
acts as grating that couples to short-wavelength in-plane
spin waves in the YIG film by the dipole and exchange
couplings [22, 23]. Only the spin waves propagating per-
pendicular to the nanowires (the yˆ-direction in Fig. 1)
with in-plane wave vector k = mpiyˆ/a can be excited,
where m is an even integer. The coherent coupling gen-
erates anti-crossings between the NWA Kittel mode and
the spin waves in the YIG film that can be observed in the
microwave reflection spectra [23]. The mode splitting is a
direct measure of the interlayer coupling strength. Since
YIG is magnetically very soft, the magnetizations of film
and nanowires can be rotated with respect to each other,
which enhances the interlayer coupling up to GHz when
in antiparallel configuration [23]. We theoretically study
the dynamics of this system, focussing on the experimen-
tally relevant thin-YIG-film limit (e.g., s .20 nm). We
find a good agreement with experiments when only the
dipolar coupling is taken into account, which could in-
dicate that the spacer in the experiments suppresses the
exchange interaction [23]. Interestingly, we find that the
coupling is chiral, i.e. it excites only spin waves propa-
gating with linear momentum k ‖ (m˜0 × n), where m˜0
is the magnetization of and n the normal to the film
as is known for surface DE modes in thick films [10].
However, DE modes do not exist in thin films with a
magnetization dynamics that is almost constant over the
film thickness. The predicted chiral coupling of exchange
spin waves survives a finite interface exchange coupling
and adds functionality to down-scaled magnonic devices
[24].
This paper is organized as follows. We first intro-
duce the uncoupled modes for NWA and the YIG film
in Sec. II. Then, the interlayer dipolar and exchange in-
teractions are addressed in Sec. III followed by concrete
calculations and comparison with experiments in Sec. IV.
Finally, section V contains a discussion of the results and
conclusions.
II. UNCOUPLED DYNAMICS
In this section, we formulate the Kittel mode dynamics
in a NWA as well as spin waves in the thin magnetic film.
The collective mode in the NWA generates the high mo-
mentum Fourier components that couple to the exchange
spin waves in the film as elaborated in Section III. There
we also need the spin waves amplitude formulated in Sec-
tion II B.
A. Kittel mode in nanowire array (NWA)
The NWA with a length much larger than the period-
icity is to a very good approximation a one-dimensional
magnonic crystal [1, 25–27]. In this limit we may disre-
gard interwire dipolar interactions.
The frequency ωK and magnetization amplitudem
K =(
mKx ,m
K
y
)
of the Kittel mode in a single magnetic wire
read [28, 29]
ωK = µ0γ
√
(Happ +M0Nxx)(Happ +M0Nyy), (1)
mKy = i
√
(Happ +M0Nxx)/(Happ +M0Nyy)m
K
x , (2)
where µ0 is the vacuum permeability, −γ the electron
gyromagnetic ratio, Happ the applied magnetic field (in
the zˆ-direction), M0 the saturation magnetization, and
Nαα the demagnetization factor with Nzz = 0 for a suf-
ficiently long wire [22, 28–32]. When h  d (or h  d)
the demagnetization factor of ellipsoids [32] simplifies to
Nxx ' d/(h+ d) and Nyy ' h/(h+ d) [28–30], while
ω
(W )
K → ω(0)K
1 + 1
2
(
µ0γM0
ω
(0)
K
)2
h
d
 , (3)
where ω
(0)
K = µ0γ
√
(Happ +M0)Happ is the FMR fre-
quency of the extended film.
Under FMR, the Kittel modes of all wires excited by a
homogeneous microwave field that precess in phase. The
magnetization M(r) is periodic in the direction perpen-
dicular to the nanowires,
M(r,t) =
{
M (t) , y ∈ [na− d2 , na+ d2 ], x ∈ [0, h]
0, otherwise
,
(4)
where n is an integer. The Fourier series of the transverse
components of M(r) reads
MKβ (r, t) = m
K
β e
−iωKtΘ(h− x)Θ(x)
even∑
m≥0
2fm cos k
(m)
y y,
(5)
in which β = {x, y}, Θ(x) is the Heavyside step function,
k
(m)
y = mpi/a with m a positive even integer and
fm =
(
1− 1
2
δm0
)
2
pim
sin
(
d
2
k(m)y
)
. (6)
MKβ (r) is the lowest acoustic mode with frequency ωK
for the nanowire array in the interval ω
(0)
K ≤ ωK ≤ ω(W )K
with ω
(W )
K − ω(0)K = O (h/d) [1, 25, 26]. The normaliza-
tion condition of the amplitudes read (for general modes
labelled by p) [9, 27]∫
dr[M (p)x (r)M
(p)
y (r)−M (p)x (r)M (p)y (r)] = −i/2, (7)
where M = M∗. The acoustic mode in Eq. (5) is ellipti-
cally polarized as
mKx =
√√√√ a
4hd
√
Happ +M0Nyy
Happ +M0Nxx
→ 1
2d
√√√√ad
h
√
Happ
Happ +M0
+O
(
h
d
)
,
3mKy = i
√√√√ a
4hd
√
Happ +M0Nxx
Happ +M0Nyy
→ i
2d
√√√√ad
h
√
Happ +M0
Happ
+O
(
h
d
)
, (8)
which can be strongly elliptic in the thin film limit.
B. Spin waves in a thin magnetic film
Magnetic modes M˜ in the film are the solution of the
Landau-Lifshitz (LL) equation [33]
dM˜/dt = −µ0γM˜× (Happ + H˜d + H˜ex), (9)
where Happ = Happzˆ is the same applied magnetic field
as above, H˜d is the dipolar field (see Appendix A) [34],
and the exchange field H˜ex = αex
(
∂2xM˜+ ∂
2
yM˜+ ∂
2
zM˜
)
with stiffness αex. We choose free boundary conditions
dM˜(r)/dx|x=0,−s = 0 for simplicity [35–37], since the
lowest mode in sufficiently thin films is not affected by
partial pinning [38–41].
By translational symmetry in the yˆ-zˆ plane, M˜x,y(r) =
m˜kx,y(x)e
ikyy+ikzze−iωt with k ≡ kyyˆ + kz zˆ. We fo-
cus on the spin waves with kz = 0 that couple to
the acoustic mode of the nanowire array (see Sec. III).
From Eqs. (9) and (A3), m˜
ky
± (x) = m˜
ky
x (x) ± im˜kyy (x)
and dm˜
ky
± (x)/dx|x=0,−s = 0, we have the Fourier series
[17, 34]
m˜
ky
± (x) =
∞∑
l=0
(
√
2/
√
1 + δl0)m˜
ky
l,± cos
lpix
s
. (10)
Eq. (9) leads to the following equations for m˜
ky
l,± [17, 34],
(
ω˜ + ΩH + αexk
2
y + αex (lpi/s)
2
+ 1/2 1/2− |ky|Qll/2
−1/2 + |ky|Qll/2 ω˜ − ΩH − αexk2y − αex (lpi/s)2 − 1/2
)(
m˜
ky
l,+
m˜
ky
l,−
)
+
+
∑
l′ 6=l
(
0 −kyQ˜ll′/2− |ky|Qll′/2
−kyQ˜ll′/2 + |ky|Qll′/2 0
)(
m˜
ky
l′,+
m˜
ky
l′,−
)
= 0, (11)
where ω˜ ≡ ω/(µ0γM˜0), ΩH ≡ Happ/M˜0, and
Qll′ =
1
s
∫ 0
−s
dx
∫ 0
−s
dx′e−|x−x′||ky| cos
(
l′pi
s
x′
)
cos
(
lpi
s
x
)
2√
(1 + δl0)(1 + δl′0)
,
Q˜ll′ =
1
s
∫ 0
−s
dx
∫ 0
−s
dx′sgn
(
x− x′|
)
e−|x−x′||ky| cos
(
l′pi
s
x′
)
cos
(
lpi
s
x
)
2√
(1 + δl0)(1 + δl′0)
, (12)
and sgn(x− x′) = 1 when x > x′ and sgn(x− x′) = −1 when x < x′.
The exchange energy for the spin waves along the xˆ-
direction is αex (lpi/s)
2
. For the typical film thickness
s ≤ 20 nm and magnon wavelength 2pi/ky & 100 nm,
αexk
2
y  αex (lpi/s)2 when l ≥ 1. In Appendix B, we
argue that we may confine our attention to the spin waves
in the lowest branch l = 0 with amplitude governed by
[17, 34]
ω0
(
m˜
ky
0,+
m˜
ky
0,−
)
= µ0γM˜0
 −ΩH − αexk2y − 12 12 − 1s|ky| (1− 1s|ky|e−s|ky|)
− 12 + 1s|ky|
(
1− 1s|ky|e−s|ky|
)
ΩH + αexk
2
y +
1
2
( m˜ky0,+
m˜
ky
0,−
)
, (13)
which leads to the energy spectrum [34–37, 42]
ω0 = µ0γM˜0
[
(ΩH + αexk
2
y + 1)(ΩH + αexk
2
y)
+
(
1− 1|ky|s +
1
|ky|se
−|ky|s
)(
1
|ky|s −
1
|ky|se
−|ky|s
)] 1
2
.
(14)
and ellipticity
m˜
ky
0,y = i
F − 1
F + 1
m˜
ky
0,x, (15)
4where
F =
− 12 + 1−exp (−|ky|s)|ky|s
ω0
µ0γM˜0
− (ΩH + αexk2y + 1/2)
. (16)
With the normalization Eq. (7) we find
m˜
ky
0,x =
√
F + 1
4s (F − 1) , m˜
ky
0,y = i
√
F − 1
4s (F + 1)
. (17)
For wavelengths that are relatively short but still much
larger than the film thickness or s/αex . |ky| . 1/s, the
energy of the spin waves in the lowest branch approaches
µ0γM˜0
√
(ΩH + αexk2y + 1)(ΩH + αexk
2
y), |F |  1 and
the precession becomes circular with m˜
ky
0,y = im˜
ky
0,x =
i
√
1/(4s).
III. INTERLAYER DIPOLAR AND EXCHANGE
INTERACTIONS
We now analyze the coupling between the NWA and
film that generate the observed anticrossings in the mi-
crowave absorption. We focus on the experimental rel-
evant interlayer dipolar and exchange couplings of the
Kittel mode of the NWA and the spin waves in the low-
est subband of the thin film. We adopt the configuration
in which the equilibrium magnetizations and applied field
are all parallel to the zˆ-direction. The results also hold
for the antiparallel configuration with m˜0 ‖ Happ ‖ zˆ and
M0 ‖ −zˆ, by replacing mKy with −mKy .
A. Interlayer dipolar interaction
The free energy due to the interlayer dipolar interac-
tion reads [33]
Fd(t) = −µ0
∫
M˜(r, t) · hD(r, t)dr
= −µ0
∫
MK(r, t) · h˜D(r, t)dr, (18)
where hD (h˜D) is the demagnetization field generated by
the acoustic mode (spin waves) in the NWA (films) [33]
hDβ (r, t) =
1
4pi
∂β
∫
dr′
∂αM
K
α (r
′, t)
|r− r′| ,
h˜Dβ (r, t) =
1
4pi
∂β
∫
dr′
∂αM˜α(r
′, t)
|r− r′| , (19)
where α, β = {x, y} and the repeated index implies sum-
mation (over α). The field acting on the nanowire array
is h˜D with x > 0 > x′ (see Fig. 1) while that acting on
the film is hD with x < 0. Below, rich features are re-
vealed for the interlayer dipolar coupling by both classical
and quantum descriptions, which are further understood
from the unique behaviors of hD and h˜D.
1. Classical description
In a classical description, the Kittel mode of the NWA
as derived above reads (see Eq. (5))(
MKx (r, t)
MKy (r, t)
)
= Θ(h− x)Θ(x)
×
even∑
m≥0
2fm cos(k
(m)
y y)
(
mKx cos(ωKt)
mKy sin(ωKt)
)
. (20)
By substituting these modes into Eq. (19) and using the
Coulomb integral
I =
∫
dr′
eikyy
′
f (x′)
|r− r′| =
2pi
|ky|e
ikyy
∫
dx′e−|x−x′||ky|f (x′) ,
(21)
its dipolar field in the film below becomes(
hDx (r, t)
hDy (r, t)
)
=
even∑
m≥0
Fme
|k(m)y |x
×
 cos(k(m)y y) − sin(k(m)y y)
− sin
(
k
(m)
y y
)
− cos
(
k
(m)
y y
) ( mKx cos(ωKt)
mKy sin(ωKt)
)
,
(22)
with the form factor Fm = fm(1 − e−|k
(m)
y |h). By in-
spection of the dipolar fields under the wire center and
between the wires
hD (x, y = 0, t) =
even∑
m≥0
Fme
|k(m)y |x
(
mKx cos(−ωKt)
mKy sin(−ωKt)
)
,
(23)
hD
(
x, y =
a
2
, t
)
=
even∑
m≥0
Fm (−1)
m
2 e|k
(m)
y |x
(
mKx cos(−ωKt)
mKy sin(−ωKt)
)
,
(24)
it becomes clear that hD rotates in the x-y plane, but
in opposite direction of MK. Decomposing the latter
into right and left circularly-polarized components as
(mKx ,m
K
y )
T = mKR (1, 1)
T +mKL (1,−1)T , the dipolar field
Eq. (22) can be written(
hDx (r)
hDy (r)
)
=
even∑
m≥0
Fme
|k(m)y |x
[
mKR
(
cos(−k(m)y y − ωKt)
sin(−k(m)y y − ωKt)
)
+mKL
(
cos(k
(m)
y y − ωKt)
− sin(k(m)y y − ωKt)
)]
. (25)
Since k
(m)
y ≥ 0, the standing magnetization mode in the
NWA generates two travelling dipolar field waves with
opposite direction locked by the polarization. A right cir-
cularly polarized Kittel mode
(
mKL = 0
)
generates dipo-
lar magnetic fields with the opposite polarization that
propagate only in one direction, while ellipticity leads to
5a second wave with same polarization sense but in oppo-
site direction.
hD(r) can now interact with the proximate spin waves
in the film below, which we denote as
M˜(r, t) =
(
m˜kx(x) cos
(
k · r‖ − ωt
)
−m˜ky (x) sin
(
k · r‖ − ωt
) ) , (26)
where r‖ = yyˆ + zzˆ. Substituting, the magnetic free
energy due to the interlayer dipolar coupling becomes
Fd(t) = −µ0
even∑
m≥0
Fm
∫
dre|k
(m)
y |x
× (m˜kx(x) cos (k · r‖ − ωt) ,−m˜ky (x) sin (k · r‖ − ωt))
×
 cos(k(m)y y) − sin(k(m)y y)
− sin
(
k
(m)
y y
)
− cos
(
k
(m)
y y
) ( mKx cos(ωKt)
mKy sin(ωKt)
)
.
(27)
The dipolar thin-film form anisotropy also causes
elliptical precessions that can be decomposed into
the right and left circularly-polarized components as(
m˜kx(x), m˜
k
y (x)
)
= m˜kR(x)(1, 1) + m˜
k
L(x)(1,−1). At reso-
nance ω = ωK the average F¯d over a time period 2pi/ωK
is finite
F¯d = −µ0
even∑
m≥0
Fm
∫
dxe|k
(m)
y |x
×
(
m˜
ky
R (x)m
K
L δky,k(m)y
+ m˜
ky
L (x)m
K
R δky,−k(m)y
)
.(28)
Eq. (28) leads to the following conclusions:
• The ac dipolar magnetic fields couple only to spin
waves with the same polarization (conservation of
angular momentum).
• The FMR resonance of the NWA couples only to
spin waves with momentum ±k(m)y yˆ (conservation
of linear momentum).
• Circularly polarized excitations in both NWA and
film to do not interact when equilibrium magnetiza-
tions are parallel. However, they do couple in the
antiparallel configuration, which is obtained from
Eq. (28) by exchanging m˜
ky
R ↔ m˜kyL .
• When the spin waves are circularly polarized, i.e.
m˜
ky
L = 0, but the NWA modes are elliptic, the cou-
pling is perfectly chiral, i.e. the Kittel mode of the
NWA interacts with spin waves that propagate in
one direction only.
• A finite chirality persists when both the spin waves
and NWA mode are elliptically polarized as long as
m˜
k(m)y
R (x)m
K
L 6= m˜
−k(m)y
L (x)m
K
R .
The dipolar (magnetostatic) spin waves in thin films
are elliptically polarized due to the anisotropy of demag-
netization fields, with the exception of the DE modes in
thick films as discussed briefly below. The NWA Kit-
tel mode then asymmetrically mixes with spin waves in
both directions. At higher frequencies the dipolar inter-
action becomes less dominant and the spin waves become
nearly circularly polarized, m˜
ky
L → 0, which implies that
only spin waves propagating in one direction interact as
long as mKL 6= 0. When the magnetizations are antipar-
allel, mKR and m
K
L are exchanged, leading to perfect and
large chiral coupling for circularly polarized magnetiza-
tion dynamics.
The physics can be also understood in terms of the
dipolar field generated by the spin waves and acting on
the NWA. We can express the spin waves in the thin film
as (
M˜x(r)
M˜y(r)
)
= m˜R(x)
(
cos(kyy − ωt)
− sin(kyy − ωt)
)
+m˜L(x)
(
cos(kyy − ωt)
sin(kyy − ωt)
)
, (29)
where m˜R(x) and m˜L(x) denote the right and left
circularly-polarized components. Above the film with
x > 0 > x′,(
h˜Dx (r)
h˜Dy (r)
)
=
1
2
e−|ky|x
∫
dx′ [(ky + |ky|)mR(x′)
+(ky − |ky|)mL(x′)]
(
cos(kyy − ωt)
sin(kyy − ωt)
)
. (30)
Irrespective of an ellipticity m˜L, the dipolar field is left
(right) circularly polarized above (below) the film. More-
over, the dipolar field generated by the right (left) circu-
larly polarized components of the spin waves does not
vanish above the film only when ky > 0 (ky < 0).
This can be understood in terms of the surface mag-
netic charges with dipolar fields that point in opposite
direction on both sides of the film: When the spin waves
are right or left circularly polarized, only those travelling
in particular direction can couple with the NWA Kittel
mode with fixed circularly polarized component.
Although not treated here explicitly, we can draw some
conclusions about the DE modes in thick films as well.
DE modes propagating perpendicular to the magnetiza-
tion can be excited efficiently by interlayer dipolar cou-
pling because they are circularly polarized, but the ex-
citation efficiency is very different for the parallel and
anti-parallel configurations. Here, we disregard the DE
modes on the opposite side completely now since the film
is thick. From Eq. (25), the anisotropic NWA generates
the right (left) circularly polarized magnetic fields propa-
gating in (opposite to) the yˆ-direction determined by mKL
(mKR ). With this in mind, DE modes of thick films can
be efficiently excited by dipolar interactions because they
are confined to a thin skin near the surface. However,
the exchange coupling can also do that, irrespective of
the parallel vs. antiparallel configuration but with equal
6excitation efficiency. The NWA therefore can be an effi-
cient coupler to excite short-wavelength DE modes that
by the exchange interaction acquire a significant group
velocity.
2. Quantum description
We now formulate the interlayer dipolar coupling in
second quantization deriving the appropriate matrix el-
ements from the classical interactions. In order to make
better contact with the literature, we replace the mag-
netization M(r) by the spin operators Sˆ(r) via M(r)→
−γ~Sˆ(r). After performing the Holstein-Primakoff trans-
formation [28, 43], we linearize the problem in the
magnon operators and diagonalize the resulting Hamil-
tonian by a Bogoliubov transformations [28, 43–45]. The
leading term of the interaction between NWA and film
then reads
Hˆd = −µ0γ2~2 1
4pi
∫
drˆ˜Sα(r)∂β
∫
dr′
∂αSˆ
K
α (r
′)
|r− r′| . (31)
with spin operators (for the time being for general film
thickness) [28, 43, 44],
ˆ˜Sγ(r, t) =
√
2S˜
∑
jk
(
M˜ (jk)γ (r)αˆjk(t) + M˜
(jk)
γ (r)αˆ
†
jk(t)
)
,
Sˆδ(r, t) =
√
2S
∑
p
(
M
(p)
δ (r)βˆp(t) +M
(p)
δ (r)βˆ
†
p(t)
)
, (32)
with γ, δ = {x, y}. Here αˆjk is a magnon annihilation
operator with band index j in the film and the Kittel
mode of the nanowire array is annihilated by βˆK . Then
Hˆd = −µ0γ~2
√
M˜0M0
×
∑
jk
(
B˜jk,Kβˆjkαˆ
†
K + A˜jk,KβˆjkαˆK + h.c.
)
, (33)
in terms of
B˜jk,K =
∑
m
Fm
∫
drek
(m)
y xM˜jk(r)
(
Q
k
(m)
y
+Q
k
(m)
y
)
N K ,
A˜jk,K =
∑
m
Fm
∫
drek
(m)
y xM˜jk(r)(Qk(m)y +Qk(m)y )N
K .
(34)
Here, Fm = fm(1 − e−k(m)y h), M˜jk(r) =(
M˜
(jk)
x (r), M˜
(jk)
y (r)
)
, N K = (mKx ,m
K
y )
T , and
Q
k
(m)
y
= eik
(m)
y y
(
1 i
i −1
)
. (35)
and calligraphic letters denote matrices here and below.
Only terms with |ky| = k(m)y survive the spatial inte-
gration in Eq. (34), which reflects momentum conserva-
tion. In the following, we focus again on the experimental
relevant regime [22, 23] of spin waves in the lowest branch
j = 0, labeled in the following by “H” and the acoustic
mode “K” in the nanowire array. With M˜H,kβ = m˜
k
0,βe
ik·r
Hˆd =
∑
m
(
Dmd βˆH,−k(m)y αˆ
†
K + C
m
d βˆH,k(m)y
αˆ†K
+Amd βˆH,−k(m)y αˆK +B
m
d βˆH,k(m)y
αˆK + h.c.
)
, (36)
in which
Dmd = −µ0γ~2
√
M˜0M0Fm
∫
dxek
(m)
y xP−k(m)y (x)T N
K ,
Cmd = −µ0γ~2
√
M˜0M0Fm
∫
dxek
(m)
y xP
k
(m)
y
(x)T N K ,
Amd = −µ0γ~2
√
M˜0M0Fm
∫
dxek
(m)
y xP−k(m)y (x)T N
K ,
Bmd = −µ0γ~2
√
M˜0M0Fm
∫
dxek
(m)
y xP
k
(m)
y
(x)T N K ,
(37)
with the spinor
P±k(m)y (x) =
(
m˜
±k(m)y
0,x (x), m˜
±k(m)y
0,y (x)
)
(38)
and
T =
(
1 i
i −1
)
. (39)
The equilibrium magnetization of the NWA and film are
parallel to the zˆ-direction. When they are antiparallel
with m˜0 ‖ Happ ‖ zˆ andM0 ‖ −zˆ, mKy should be replaced
by −mKy , as before.
We emphasize again that the couplings of the spin
waves of opposite momentum to the acoustic Kittel mode
in the NWA can be very different. When the wavelength
is relatively short, or |ky| & s/αex, the spin waves are
nearly circularly polarized, m˜
±k(m)y
0,y ≈ im˜
±k(m)y
0,x . When
substituted into Dmd , the integral∫
dxek
(m)
y xm˜
−k(m)y
0,x (1, i)
(
1 i
i −1
)(
mKx
mKy
)
= 0 (40)
and Dmd ≈ Amd ≈ 0 in Eq. (37). This implies that the
dipolar interaction cannot couple spin waves with mo-
mentum −
∣∣∣k(m)y ∣∣∣ yˆ to the acoustic mode in the nanowire,
while such a restriction does not hold for waves with
+
∣∣∣k(m)y ∣∣∣ yˆ. In other words, the microwave field couples to
short-wavelength spin waves in thin films via a nanowire
grating in a chiral manner.
As discussed above, the physical reason for this unex-
pected selection rule is the asymmetry of the dipolar field
generated by (circularly polarized) spin waves propagat-
ing normal to the magnetization (‖yˆ). For a particular
7momentum qyyˆ, the dipolar field generated by the circu-
lar spin waves on the upper side is(
h˜Dx (r)
h˜Dy (r)
)
=
e−|q|x
2
e−iωqt
∫
dx′e−|q|x
′
( |qy| −iqy
−iqy −|qy|
)
×
(
1
i
)
M˜x(x
′, y, z), (41)
which vanishes for negative qy but is finite for positive
qy. Therefore only spin waves with positive (negative)
qy can couple (not couple) with the magnetization in the
nanowire array.
The different excitation configurations and the chiral
coupling are illustrated by Fig. 2. When the nanowire
array is fabricated on the upper surface of the film,
irrespective of whether the magnetizations in the film
and nanowires are parallel [Fig. 2(a)] or anti-parallel
[Fig. 2(b)], among the short-wavelength spin waves only
those with momentum k ‖ (m˜0×n) (shown by the wavy
line with arrow) couple to (are excited by) the acoustic
NWA mode.
(a) (b)
FIG. 2. Chiral coupling of spin waves due to the inter-
layer dipolar interaction for parallel and antiparallel magne-
tizations. The gray and yellow regions denote the film and
nanowire array. The red and black arrows represent the di-
rection of the soft magnetizations of the film in parallel to
the external field and NWA, respectively. The wavy line with
arrow indicates the propagating direction of spin waves that
couple to the Kittel mode of the NWA.
B. NWA-magnetic film exchange interaction
Both the static [46–48] and dynamic [20, 21, 49–51]
interlayer exchange interaction between the NWA and
magnetic film can play a role in the coupling of short-
wavelength spin waves in magnetic bilayers [20, 21, 50].
Here we focus on the dynamic exchange interaction,
eventually moderated by spin diffusion in a spacer layer
[20, 21, 49, 51, 52]. Indeed, recent experiments [21] show
that for direct contact between Co and YIG bilayers, the
static interfacial exchange interaction plays a dominant
role by locking the interface magnetization on both sides
together. A 5-nm Cu space layer, on the other hand,
completely suppresses the static exchange interaction,
while the dynamic interaction mediated by the exchange
of non-equilibrium spin currents through the spacer re-
mains [21]. A 1.5-nm AlOx layer suppresses both static
and dynamic exchange interactions [21]. Here, we as-
sess the role of a significant direct exchange interaction
between the NWA and film, but do not discuss the dissi-
pative dynamic coupling.
The free energy due to an interfacial exchange interac-
tion density J can be written as [21, 46–48]
Fex =
∫
drJδ(x)M˜(r) ·M(r)
= J
∫
dydzM˜(x = 0, y, z) ·M(x = 0, y, z), (42)
When J > 0 (J < 0), the interlayer exchange interac-
tion is anti-ferromagnetic (ferromagnetic). J can be cal-
culated by first principles [53] or fitted to experiments
[20, 21, 23, 46, 47].
Hˆex = Jγ
2
∫
dydz ˆ˜S(x = 0, y, z) · Sˆ(x = 0, y, z). (43)
As above, ˆ˜S(x = 0, y, z) and Sˆ(x = 0, y, z) represent the
lowest spin wave subband in the film and the Kittel mode
of the NWA. The expansion into normal modes, Eq. (32),
Hˆex =
∑
m
{
DmexβˆH−k(m)y αˆ
†
K + C
m
exβˆHk(m)y
αˆ†K
+AmexβˆH−k(m)y αˆK +B
m
exβˆH−k(m)y αˆK + h.c.
}
, (44)
then contains the coefficients
Dmex = 2J
√
M˜0M0fm
∑
β=x,y
m˜
−k(m)y
β (x = 0)m
K
0,β , (45)
Cmex = 2J
√
M˜0M0fm
∑
β=x,y
m˜
k(m)y
β (x = 0)m
K
0,β , (46)
Amex = 2J
√
M˜0M0fm
∑
β=x,y
m˜
−k(m)y
β (x = 0)m
K
0,β , (47)
Bmex = 2J
√
M˜0M0fm
∑
β=x,y
m˜
k(m)y
β (x = 0)m
K
0,β . (48)
For short-wavelength spin waves with nearly constant
amplitude across a thin film, Dmex ≈ Cmex and Amex ≈ Bmex.
The expressions above hold when magnetizations in the
NWA and films are both parallel to the zˆ-direction.
When they are anti-parallel mKy → −mKy in Eqs. (45-
48).
C. Energy spectra of coupled NWA-spin wave
modes
With established interlayer dipolar and exchange cou-
pling between the lowest-branch spin waves in the film
and acoustic mode in the nanowire array, we can com-
pute the energy spectra of the coupled system.
81. Dominant interlayer dipolar coupling: anticrossings
We first focus on the interlayer dipolar interaction, as-
suming that the interlayer exchange interaction is effi-
ciently suppressed by a thin spacer [20, 21]. We then may
use the approximate selection rule found in Sec. III A:
when
∣∣kmy ∣∣ & s/αex, the interlayer dipolar coupling be-
tween the acoustic mode in the nanowire array and the
short-wavelength spin waves is chiral. This simplifies the
analysis since one only needs to consider the dipolar cou-
pling between βˆ
Hk
(m)
y
and αˆK. For a particular k
(m)
y , the
Hamiltonian of this subspace reads
Hˆ(k(m)y ) = (1/2)(βˆ
†
Hk
(m)
y
, αˆK, βˆHk(m)y
, αˆ†K)
×

ω˜
Hk
(m)
y
Bmd 0 C
m
d
Bmd ωK C
m
d 0
0 Cmd ω˜Hk(m)y
Bmd
Cmd 0 B
m
d ωK


βˆ
Hk
(m)
y
αˆ†K
βˆ†
Hk
(m)
y
αˆK
 ,
(49)
where ω˜
Hk
(m)
y
and ωK are the energies of the lowest-
branch spin waves with momentum k
(m)
y yˆ and the NWA
Kittel mode, respectively. When |Bmd |  ω˜Hk(m)y , ωK,
terms with Bmd may be disregarded from rotating wave
approximation, the Hamiltonian is simplified to the
quadratic form
Hˆ(k(m)y ) = (βˆ
†
Hk
(m)
y
, αˆ†K)
(
ω˜
Hk
(m)
y
Cmd
Cmd ωK
)(
βˆ
Hk
(m)
y
αˆK
)
,
(50)
with the frequencies
ω±(k(m)y ) =
ω˜
Hk
(m)
y
+ ωK
2
±
√√√√( ω˜Hk(m)y − ωK
2
)2
+ |Cmd |2.
(51)
|Cmd | is the coupling strength between the short-
wavelength spin waves in the film and the acoustic mode
in the nanowire array which governs the anticrossing with
splitting of 2|Cmd | between these modes at the resonance
ω˜
Hk
(m)
y
= ωK. In Sec. IV, we calculate this coupling
strength for experimental conditions in Refs. [22, 23],
which can be used to understand the experiments [22, 23]
without having to invoke interface exchange.
2. Dominant interlayer exchange coupling: in-plane
standing wave
When the interlayer exchange is active, we need to
additionally consider the couplings between αˆK, βˆHk(m)y
and βˆ
H−k(m)y . At resonance ωK = ωH±k(m)y ≡ ω
0
m, the
Hamiltonian becomes
Hˆ ≈ (αˆ†K, βˆ†Hk(m)y , βˆ
†
H−k(m)y
)
 ω0m Cm DmCm ω0m 0
Dm 0 ω
0
m

 αˆKβˆHk(m)y
βˆ
H−k(m)y
 ,
(52)
where Cm = C
m
d + C
m
ex and Dm = D
m
d +D
m
ex. Its eigen-
values are
ω1 = ω
0
m,
ω2 = ω
0
m −
√
|Cm|2 + |Dm|2,
ω3 = ω
0
m +
√
|Cm|2 + |Dm|2, (53)
with corresponding eigenfunctions
ψ1 = (0,−Dm/Cm, 1) ,
ψ2 =
(
−
√
|Cm|2 + |Dm|2/Dm, Cm/Dm, 1
)
,
ψ3 =
(√
|Cm|2 + |Dm|2/Dm, Cm/Dm, 1
)
. (54)
When the interlayer exchange interaction is much
larger than the dipolar one, Cm ≈ Dm. In this situa-
tion, the first eigenfunction in Eq. (54) corresponds to
the in-plane standing wave in the film, which arises from
the linear superposition of the two spin waves with op-
posite momenta.
IV. MATERIAL AND DEVICE PARAMETER
DEPENDENCE
In this section, we illustrate the expressions we pro-
duced above and demonstrate the magnitude of the effect
by specifically considering coupling between a nanowire
array and a thin film for the Co or Ni NWAs fabricated
on YIG films. This system has been experimentally re-
alized in Refs. [22, 23], and we use the parameters from
these papers.
A. Co nanowire array
The lattice constant of the Co nanowire array was
a = 180 nm with wire thickness h = 20 nm and width
of d = 132 nm [22, 23]. The saturated magnetization
µ0M0 = 1.1 T for the Co and µ0M˜0 = 0.177 T for
the YIG films. The YIG exchange interaction constant
is αex = 3 × 10−16 m2 [54] and thickness s = 20 nm
[23]. We compute the coupling constants for these pa-
rameters when the magnetizations in the nanowire ar-
ray and film are parallel and antiparallel to each other
in Figs. 3(a) and (b), respectively, as a function of the
mode index m = pi/
(
k
(m)
y a
)
of allowed spin waves in
YIG. The magnetic field is chose to be constant and to
agree with a main anticrossing. In Fig. 3(a), for example,
µ0Hz = 0.012 T corresponds to the anticrossing of the
mode m = 4.
91. Parallel configuration
When M0 ‖ m˜0 ‖ Happ ‖ zˆ the mode dependence
of the dipolar coupling strengths is shown in Fig. 3(a)
with applied magnetic fields µ0Hz = 0.012 and 0.05 T.
When µ0Hz = 0.012 T, in Fig. 3(a), the blue (red) solid
curve with squares (circles) describes the mode depen-
dence of the interlayer dipolar coupling between the low-
est spin wave subband with momentum k
(m)
y yˆ (−k(m)y yˆ)
in the YIG film and the FMR of the Co nanowire array.
The coupling strength for the spin waves with positive
wave vector k
(m)
y yˆ is much larger than that for opposite
−k(m)y yˆ one when m ≥ 4 that corresponds to exchange
spin waves, confirming that the chirality of the coupling
should be very significant in real systems.
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FIG. 3. (Color online) Mode dependence of the interlayer dipolar and exchange couplings between Co nanowires and a YIG
film for parallel (a) and antiparallel (b) magnetizations. In (a) the blue (red) solid curve with squares (circles) represents the
interlayer dipolar coupling between the spin waves with momentum kmy yˆ (−k(m)y yˆ) in the film and the Kittel mode mode of
the NWA for µ0Hz = 0.05 T, while the cyan dot-dashed curve with diamonds denotes the interlayer exchange coupling (which
is the same for spin wave directions). Analogous curves are plotted for µ0Hz = 0.05 T (the exchange contribution does not
depend on the field), The crosses in (a) and (b) denote the anticrossing gaps observed in FMR experiments [23]. m is an even
integer.
With increasing mode number, the coupling strength
decreases. According to Eq. (37), Cmd ∝ Fm
∫ 0
−s dxe
k(m)y x,
where Fm is the Fourier component of the NWA magne-
tization dynamics, while the integral represents the de-
cay of the dipolar field inside the film. The drop of the
coupling with increasing m is caused by the evanescent
decay of the dipolar field and not by the form factor
Fm ∝ sin(k(m)y d/2). In the presence of a non-magnetic
insertion with thickness δ, the overlap integral∫ −δ
−s−δ
dxek
(m)
y x =
∫ 0
−s
dxek
(m)
y (x−δ) = e−k
m
y δ
∫ 0
−s
dxek
(m)
y x.
(55)
So the inserted layer exponentially suppresses the inter-
layer dipolar coupling by e−k
m
y δ. However, this effect
is rather inefficient for δ = 1 nm and a wave length
2pi/kmy = 100 nm, i.e. k
m
y δ = pi/50 ≈ 0.06.
The decrease of the coupling with magnetic field
in Fig. 3(a) can be understood as follows. For rela-
tively short-wavelength spin waves with m˜
k(m)y
0,y ≈ im˜
k(m)y
0,x ,
Eq. (37) gives
Cmd ≈ −2µ0γ
√
M˜0M0
Fm
kmy
(1−e−k(m)y s)m˜k
(m)
y
0,x (m
K
x −imKy ).
(56)
For s/αex . |ky| . 1/s the amplitudes m˜k
(m)
y
0,x and m˜
k(m)y
0,y
in the film do not depend strongly on the field, in contrast
to the NWA Kittel mode. Specifically,
− (mKx − imKy ) = (F 1/4 −F−1/4)
√
a/(4hd), (57)
in which F ≡ (Hzapp +Mz0Nxx)/(Hzapp +Mz0Nyy). When
Nxx  Nyy and Mz0  Hzapp, F ≈ Mz0Nxx/(Hzapp +
10
Mz0Nyy) decreases with H
z
app and so does the interlayer
dipolar coupling.
We also present the interlayer exchange coupling C
(m)
ex
for direct contact between the Co NWA and the YIG
film by the cyan dot-dashed curve with diamonds in
Fig. 3(a), with an interlayer exchange coupling constant
J = 200 µJ/m2 [21]. Without spacer layer, the interlayer
exchange coupling wins over the dipolar interaction for
the sample geometries considered here. The decrease can
be understood from Cmex in Eq. (46): m˜
k(m)y
0,x , m˜
k(m)y
0,y , m
K
x
and mKy do not depend strongly on mode number, but we
find a decreasing |Cmex| ∝
∣∣∣sin(k(m)y d/2)/m∣∣∣ with increas-
ing m. Cmex can also become oscillatory as a function of
m (refer to Sec. IV B below).
2. Antiparallel configuration
Assuming that m˜0 ‖ Happ ‖ zˆ and M0 ‖ −zˆ, Mz0 be-
comes negative and mKy is replaced by −mKy when cal-
culating the interlayer dipolar and exchange couplings.
The results in Fig. 3(b) for µ0Hz = 0.012 T show a
strong enhancement of the magnitude and chirality of the
dipolar coupling at the cost of a reduced exchange inter-
action, which is caused by
∣∣∣mKx − imKy ∣∣∣ < ∣∣∣mKx + imKy ∣∣∣,
see Eq. (8). However, we disregarded here a possi-
ble exchange-spring magnetization texture in the non-
collinear and antiparallel configurations [23], whose treat-
ment is beyond of the scope of this work.
B. Ni nanowire array
Experiments have been also carried out on a Ni NWA
with a (relatively large) lattice constant a = 600 nm, and
thickness and width of h = 20 nm and d = 258 nm, re-
spectively, and with a thin spacer of 1 nm between Ni
wires and the YIG substrate [22, 23]. The Ni saturated
magnetization is µ0M0 = 0.6 T [23]. For these parame-
ter the factor ∼ sin(k(m)y d/2) causes a non-monotonous
dependence of the interlayer dipolar coupling, see Fig. 4.
For µ0Hz = 0.015 T, the asymmetry in the coupling of
the Kittel mode to spin waves propagating into opposite
directions is strong, for m ≥ 4, the chirality is almost
perfect. For larger µ0Hz = 0.11 T the interlayer dipolar
coupling is suppressed for the same reason as for the Co
NWA discussed above.
The interlayer exchange coupling is also shown in Fig. 4
for an exchange interaction strength J = 30 µJ/m2 [23],
which is smaller than the dipolar one.
C. Summary of the comparison with experiments
The present study was motivated by FMR experi-
ments which displayed clear anti-crossings, i.e. strong
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FIG. 4. (Color online) Mode dependences of the interlayer
dipolar and exchange couplings betweeen a Ni NWA and YIG
film when magnetizations and applied field are all parallel
along the wires. The blue solid curve with squares and red
solid curve with circles represent the interlayer dipolar cou-
plings for the spin waves with momenta k
(m)
y yˆ and −k(m)y yˆ,
respectively, for µ0Hz = 0.015 T. The green dashed curve
with squares is the interlayer dipolar coupling for positive
momenta and µ0Hz = 0.11 T. The cyan dot-dashed curve
with diamonds denotes the interlayer exchange coupling for
momenta ±k(m)y yˆ when µ0Hz = 0.015 T. The crosses are the
mode splittings observed in the FMR [23].
coupling, between YIG film and NWA spin wave modes
[22, 23]. The observed splittings are shown by the crosses
in Figs. 3 and 4, respectively. The experimental values
are quite close to the calculated ones for dipolar interac-
tions without fit parameters. This supports the assump-
tion that interlayer exchange interactions are suppressed
by spacer layers inserted between the YIG film and Co/Ni
nanowires [20–23]. A dominant interlayer dipolar inter-
action implies a chiral coupling. As shown in Figs. 3 and
4, only the short-wavelength spin waves propagating with
momenta k ‖ m˜×n interact with the NWA Kittel mode,
where n is the unit vector normal to the interface. A
similar chiral feature is intrinsic to the Damon-Eshbach
surface mode that exist in sufficiently thick films [10] but
not in the ultrathin films considered here.
V. CONCLUSION AND DISCUSSION
In conclusion, we demonstrated that spin waves can be
coherently excited in an ultrathin magnetic film in only
one direction by a magnetic grating. We focus on the lim-
iting cases in which the applied magnetic field and mag-
netizations in the film are either parallel or antiparallel
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to the NWA magnetization and wire axis. We report an
unexpected chirality in the coupling that strongly favors
spin waves propagating perpendicular to the nanowires
with wave vector |k| = mpi/a (where m is an even integer
and a the NWA lattice constant) [22, 23]. The dipolar
regime can be realized by an inserted non-magnetic layer
between the YIG film and nanowires that suppresses the
exchange interaction more efficiently than the dipolar one
[20, 21, 23]. The calculated coupling strength agrees well
with the experimental observations [23] for both paral-
lel and anti-parallel configurations. This suggests that
the interlayer dipolar interaction plays a dominant role
in the experiments [23], but more work, especially includ-
ing magnetic texture and dynamic exchange is necessary
to confirm this assertion. The spacer layer might also be
instrumental to support an antiparallel magnetic configu-
ration without associated exchange-spring magnetization
textures in the film.
The dipolar coupling is a classical interaction between
two magnetic bodies that has a relative longer range than
the (static) exchange interaction. In the present config-
uration both interactions are exponentially suppressed
with distance between the magnets, but on an atomic
length scale and that of the wave length for exchange and
dipolar coupling. In ultra-thin films without chiral sur-
face waves, the exchange coupling mixes the Kittel mode
almost symmetrically with the spin waves in opposite di-
rections, thereby leading to in-plane standing waves by
interference. In the presence of spacer layers, the dy-
namic exchange interaction competes as well, falling off
on the scale of the spin-flip diffusion length, which can
be rather long-range when the spacer is a clean simple
metal such as copper [50].
The spin waves with the wave vector k in a thin film
with surface normal n are coherently exited by the NWA
grating with equilibrium magnetization along m˜ and
propagate dominantly in the direction k ‖ (m˜× n) (but
only for significantly elliptic precession of either NWA or
film magnetic modes). This phenomenology agrees with
the intrinsic chirality of dipolar Damon-Eshbach surface
modes in thick films [10]. However, the physics which
we describe in this work is quite different, since there is
no intrinsic chirality in the spin waves of ultrathin mag-
netic films with nearly constant amplitude over the film
thickness. It is rather the intrinsic chirality of the dipo-
lar fields that generates a chiral coupling to non-chiral
spin waves. This directionality can be exploited in sev-
eral ways [55], for example, to generate a heat conveyer
belt [56–59] without the need for surface states.
Finally, we would point out an electric analogy, viz. the
chiral coupling induced by rotating electric (rather than
magnetic) dipoles. When excited close to a planar waveg-
uide, the chiral evanescent electromagnetic field unidirec-
tionally excites surface plasmon polaritons [60], also re-
ferred to as “spin-orbit interaction of light” [61]. There
are large differences in the physics that we will emphasize
elsewhere, but note that the dipolar field with momen-
tum larger than ω/c with ω and c being the frequency
and light velocity is evanescent on a sub-wavelength
scale. Its chirality arises from the near-field interference
of the radiated fields from the vertical and horizontal
components of the ac electric field [60]. The circularly-
polarized magnetic dipolar dynamics generates a purely
circularly-polarized magnetic field [e.g., see Eq. (30)],
while the circularly-polarized electric dipole results in
an elliptically-polarized field by retardation [see Eq. (1)
in Ref. [60]]. Nonetheless of this and other differences,
the application perspective of the chiral coupling found
in plasmonics such as broadband optical nanorouting
[60, 61] and polarization analyzers [62] should stimulate
similar activities in magnonics.
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Appendix A: Green function tensor
Here we review the calculation of the demagnetizing
field [33]
H˜Dβ =
1
4pi
∂β
∫
∂αM˜α(r
′)
|r− r′| dr
′. (A1)
in a thin magnetic film [34]. For a plane wave modulation
M˜α(r) = m˜α(x)e
ikyyeikzz,
H˜Dβ =
1
2
∂β
{∫ 0
−s
dx′
[
−m˜x(x′)sgn(x− x′) + m˜y(x′) iky|k‖|
+m˜z(x
′)
ikz
|k‖|
]
e−sgn(x−x
′)(x−x′)|k‖|eik‖·r‖
}
. (A2)
In matrix form H˜Dx (r)H˜Dy (r)
H˜Dz (r)
 = eik‖·r‖ ∫ 0
−s
dx′G (x− x′)
 m˜x(x′)m˜y(x′)
m˜z(x
′)
 ,
(A3)
where
12
G (x− x′) = e−|x−x′||k‖|

|k‖|
2 − iky2 sgn (x− x′) − ikz2 sgn (x− x′)
− iky2 sgn (x− x′) −
k2y
2|k‖| −
kykz
2|k‖|
− ikz2 sgn (x− x′) − kykz2|k‖| −
k2z
2|k‖|
− δin(x− x′)I (A4)
is the Green function and I the unity tensor. The δin-
function vanishes when x lies outside the magnetic film.
The demagnetization field H˜D naturally satisfies elec-
tromagnetic boundary condition, i.e. continuity of the
electromagnetic fields and currents at the surface of the
magnet [34].
Appendix B: Higher magnon subbands in thin films
Here we estimate the effects of higher-order standing
wave modes on the spin waves in the lowest subband.
Retaining only the lowest-order modes in Eq. (11) we
arrive at the secular equation

ω˜ + ΩH + αexk
2
y +
1
2
1
2 − 12 |ky|Q00 0 −
ky
2 Q˜01 −
|ky|
2 Q01
− 12 + 12 |ky|Q00 ω˜ − ΩH − αexk2y − 12 −
ky
2 Q˜01 +
|ky|
2 Q01 0
0 − ky2 Q˜10 −
|ky|
2 Q10 ω˜ + ΩH + αexk
2
y + αex(
pi
s )
2 + 12
1
2 − 12 |ky|Q11
− ky2 Q˜10 +
|ky|
2 Q10 0 − 12 + 12 |ky|Q11 ω˜ − ΩH − αexk2y − αex(pis )2 − 12

 m˜+,0m˜−,0m˜+,1
m˜−,1
 = 0. (B1)
With Eq. (12) we find Q01 = 0 and Q˜01 = 2
√
2s(e−|ky|s+
1)/(k2ys
2 + pi2). The matrix in Eq. (B1) can be di-
rectly diagonalized by the Bogoliubov transformation
[17]. We can use perturbation theory to estimate the
importance of higher-order modes for our film thick-
nesses. The second mode contributes to the with am-
plitudes ck ≡ kyQ˜01/[2αex(pi/s)2]. For a grating with
period a = 180 nm [22, 23], ky = 4pi/a, while thick-
ness of the film is s = 20 nm. Then kyQ˜01/2 = 0.208,
αex(pi/s)
2 ≈ 7.40, and hence ck ≈ 0.028, which can be
safely disregarded.
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